Obesity is the result of chronic positive energy balance. The mechanisms underlying the regulation of energy homeostasis and food intake are not understood. Despite large increases in fat mass (FM), recent evidence indicates that fat-free mass (FFM) rather than FM is positively associated with intake in humans. ); and 24-h energy expenditure (EE, n ¼ 127) with ad-libitum food intake using a 3-day vending machine paradigm. Mean daily calories (CAL) and macronutrient intake (PRO, CHO, FAT) were determined and used to calculate the relative caloric contribution of each (%PRO, %CHO, %FAT) and percent of caloric intake over weight maintaining energy needs (%WMENs). RESULTS: FFMI was positively associated with CAL (Po0.0001), PRO (P ¼ 0.0001), CHO (P ¼ 0.0075) and FAT (Po0.0001). This remained significant after adjusting for FMI. Total EE predicted CAL and macronutrient intake (all Po0.0001). FMI was positively associated with CAL (P ¼ 0.019), PRO (P ¼ 0.025) and FAT (P ¼ 0.0008). In models with both FFMI and FMI, FMI was negatively associated with CAL (P ¼ 0.019) and PRO (P ¼ 0.033). Both FFMI and FMI were negatively associated with %CHO and positively associated with %FAT (all Po0.001). EE and FFMI (adjusted for FMI) were positively (EE P ¼ 0.0085; FFMI P ¼ 0.0018) and FMI negatively (P ¼ 0.0018; adjusted for FFMI) associated with %WMEN. CONCLUSION: Food and macronutrient intake are predicted by FFMI and to a lesser degree by FMI. FFM and FM may have opposing effects on energy homeostasis.
INTRODUCTION
The obesity epidemic is an ongoing and increasing problem in Western societies, with a current prevalence of more than 35% in the United States. 1 In 2008, annual health costs attributed to obesity exceeded 140 billion USD. 2 Excessive overweight is associated with an increased risk of numerous diseases, including cardio-and cerebrovascular disease, diabetes mellitus, certain types of cancer 3, 4 and neurodegenerative diseases. 5, 6 Considering the overall health impact of obesity, further insight into the complex system regulating energy homeostasis and food intake is warranted.
Several mechanisms contributing to the regulation of energy homeostasis have been identified. Adipose tissue itself provides a humoral signal of an individual's long-term energy stores by releasing the adipokin leptin with increasing amounts of body fat tissue. 7, 8 Other factors contributing to the regulation of appetite and food intake include a variety of gastrointestinal hormones (for example, ghrelin, PYY, GLP-1, CKK), central peptides (for example, orexin, NPY) and neural mechanisms (for example, vagal and hypothalamic signaling) forming the so-called gutbrain axis. 9 To achieve energy balance, sensing of energy intake needs to be connected to metabolic rate. Energy expenditure (EE) itself is closely related to body size and a large part of its variance (approximately 80%) is explained by fat-free mass (FFM). 10 FFM consists of all non-fat tissues (that is, skeletal muscle, bones and parenchymal organs) and increases with increased adiposity primarily accounting for the increased energy needs of overweight and obese individuals. 11 A recent study by Blundell et al. 12 demonstrated positive associations between FFM, but not fat mass (FM) or body mass index (BMI) with self-determined meal size. In addition, Caudwell et al 13 confirmed that resting metabolic rate is correlated with meal size, energy intake and hunger ratings in overweight and obese adults.
We investigated the relationship of body composition with ad-libitum food intake in a sample of 184 individuals of mixed ethnic backgrounds with a wide range of adiposity. In a subsample of 127 individuals, we further investigated the relationship between 24-h EE (assessed via indirect calorimetry in a metabolic chamber) and energy intake. Food intake was assessed in a clinical research unit environment, using a 3-day vending machine paradigm as an objective and reproducible measure of ad-libitum food intake.
14 Outcome measures included mean daily caloric intake (CAL), mean daily macronutrient intake (that is, protein (PRO), carbohydrates (CHO) and fat (FAT)) and the percentages of caloric intake derived from each individual macronutrient (that is, %PRO, %CHO, %FAT). Based on each individual's calculated weight maintenance energy needs (WMEN) we also analyzed how much the study volunteers overate (%WMEN) while having free access to the vending machines.
SUBJECTS AND METHODS Subjects
All subjects were healthy as determined by medical history, physical examination and laboratory testing. Subjects were admitted to our metabolic unit and were fed a standard weight maintaining diet (daily kcal: 20% protein; 50% carbohydrates, 30% fat) for 3 consecutive days before testing. Each individual's WMENs were calculated based on body weight and gender as previously described. 15 Body composition (percentage body fat) was assessed by dual energy X-ray absorptiomery (DPX-1; Lunar Corp, Madison, WI, USA); percentage body fat values were standardized by regressing them back to original underwater weighing data and were used to calculate FFM index (FFMI; FFM (kg) Â height (m 2 )) and FM index (FMI; FM (kg) Â height (m 2 )). 16 In a subsample of 127 individuals, 24-h EE was measured in a metabolic chamber, as previously described. 10 During the measurement, physical activity was recorded by a radar system. Glucose tolerance was assessed by a 75-g oral glucose tolerance test according to the criteria of the World Health Organization. Only non-diabetic subjects participated in this study. While on the research unit, physical activity was restricted to light activities (for example, playing pool, television, arts, crafts) during the entire time course of the study.
Ad-libitum energy intake using a computerized vending machine system Measurement of ad-libitum food intake was performed as previously described. 14, 17 In brief, food preferences were determined based on a Food Preferences Questionnaire. Individuals rated each food by using a 9-point Likert scale with 1 ¼ dislike extremely; 5 ¼ neutral; 9 ¼ like extremely; we also included the possibility to rate pleasantness of food items as unknown. During the 3 days of food intake assessment on the metabolic ward, subjects self-selected all food items using a computer-operated vending machine system. Each day vending machines were individually stacked with 40 food items and subjects had 23.5 h ad-libitum access to the machines, as previously described. All subjects were asked to eat whenever and whatever they desired and to prepare and consume all foods only in a separate eating area. The weights of the consumed foods were used to calculate daily energy intake (kcal d ; protein (PRO), carbohydrates (CHO) and fat (FAT)), their percentage contribution to CAL (%PRO ((PRO Â 4/CAL) Â 100), %CHO ((CHO Â 4/CAL) Â 100), %FAT ((FAT Â 9/CAL) Â 100) and percentages weight maintenance energy needs (%WMEN; [mean daily energy consumed/WMEN] Â 100) were used as dependent variables. First, all food intake variables were analyzed entering age, gender and ethnicity as confounding covariates and either FFMI or FMI as independent covariates of interest, thus investigating associations with FFMI and FMI individually. Next, both FFMI and FMI were entered in the same statistical model to investigate independent associations with food intake parameters. Associations of total body weight and BMI with CAL (with and without adjustment for total FFM and FFMI) were analyzed similarly. The relationship between 24 h EE and food intake was addressed in two different analyses. In the first analysis, associations of food intake with total 24 h EE (adjusted for physical activity only) were determined. In the second analysis, we analyzed associations of food intake with unexplained variance of 24 h EE by adjusting for age, gender, ethnicity, FM and FFM. Importantly, in this subsample of 127 individuals, no statistically significant differences were observed between the original sample and the sub-sample regarding the subjects main characteristics (that is, age, gender, ethnicity, FFM, FM, FFMI, FMI, height, total body weight, BMI, measures of food intake).
Percent of protein (%PRO) was not normally distributed. Thus, analyses were repeated with normally distributed log-transformed values. However, results were similar in terms of significance so for consistency, we reported results from untransformed data.
Associations were graphically illustrated by plotting the dependent variables (that is, measures of food intake) against the adjusted residuals of the covariate of interest. Correlation coefficients and significance levels were determined by Pearson correlation or Spearman's ranked correlation whenever appropriate.
RESULTS
Characteristics of the study population, including anthropometric and food intake data as well as sex differences, are summarized in Table 1 .
Individual associations of FFMI and FMI with food intake Results obtained by general linear models are summarized in Tables 2 and 3 and illustrated in Figures 1 and 2 (that is, correlations of residualized FFMI and FMI with measures of food intake). Adjusted for age, gender and ethnicity, FFMI was positively associated with CAL, PRO, FAT (all Pp0.0001) and mean CHO (P ¼ 0.0075). Adjusted for age, gender and ethnicity, FMI was positively associated (P ¼ 0.019) with CAL. FMI was furthermore strongly positively associated with FAT (P ¼ 0.0008) and to a lesser Table 1 . Characteristics of study population Tables 2 and 3 and illustrated in Figure 3 (that is, correlations of residualized FFMI and FMI with measures of food intake). After adjustment for age, gender, ethnicity and FMI, highly significant positive associations were observed between FFMI and CAL (Po0.0001) and with PRO, CHO and FAT (all P ¼ 0.0002). FMI on the other hand, when accounting for age, gender, ethnicity and FFMI, was negatively associated with CAL (P ¼ 0.019), PRO intake (P ¼ 0.033) and CHO (P ¼ 0.0067) but not with FAT. When adjusted for each other, neither FFMI nor FMI were associated with %PRO, %CHO and %FAT. On the other hand, %WMEN was positively associated with FFMI and negatively associated with FMI (both P ¼ 0.0018).
Associations of 24-h EE with food intake Results are summarized in Table 2 and illustrated in Figure 4 . As expected, total FFM and FFMI correlated strongly with 24-h EE (FFM: r ¼ 0.89; FFMI r ¼ 0.78; both Po0.0001).
EE (adjusted for physical activity only) was strongly positively associated with CAL and intake of individual macronutrients (all Po0.0001). EE was also negatively associated with %CHO (P ¼ 0.029) and positively associated with %FAT (P ¼ 0.009) and %WMEN (P ¼ 0.0085) but not %PRO. After adjustment for age, gender, ethnicity, FFM and FM, EE associations with CAL (Po0.0001), PRO (P ¼ 0.0003), CHO (P ¼ 0.0002), FAT (P ¼ 0.0005) and %WMEN (P ¼ 0.0002), but not %CHO and %FAT, remained significant.
Associations of total body weight and BMI with caloric intake Both total body weight and BMI were significantly and positively associated with CAL (P ¼ 0.0003 and P ¼ 0.0012). However, when adjusted for FFM (that is, total body weight adjusted for total FFM and BMI adjusted for FFMI) neither total body weight nor BMI were negatively associated with CAL (data not shown), whereas FFM and FFMI remained significantly and positively associated Abbreviations: Adj., adjusted; FFMI, fat-free mass index; FMI, fat mass index; 24-h EE, 24-h energy expenditure. All associations were analyzed using general linear models. b indicates the estimated increase/decrease of each food intake measures (that is, kcal or g), attributable to one unit increase of anthropometric variables (that is, 1 kg m À 2 ) or energy expenditure (that is, 1 kcal). All models are described in detail in the Subjects and Methods section. Abbreviations: Adj., adjusted; FFMI, fat-free mass index; FMI, fat mass index; 24 h EE, 24 h energy expenditure; WMEN, weight maintaining energy need. All associations were analyzed using general linear models. b indicates the estimated increase/decrease of percental food intake measures, attributable to one unit increase of body composition variables (that is, 1 kg m À 2 ) or energy expenditure (that is, 1 kcal). All models are described in detail in the Subjects and Methods section. ) adjusted for age, gender, ethnicity with food and macronutrient intake. CAL, mean daily caloric intake; PRO, mean daily protein intake; CHO, mean daily carbohydrate intake; FAT, mean daily fat intake; %WMEN, percentage weight maintenance energy needs; %PRO, relative caloric contribution of protein; %CHO, relative caloric contribution of carbohydrates; %FAT, relative caloric contribution of fat; r s indicates Spearman's ranked correlation. Circles indicate female gender, diamonds indicate male gender. with caloric intake (FFM adjusted for total body weight: P ¼ 0.0051; FFMI adjusted for BMI: P ¼ 0.0007).
DISCUSSION
We investigated the relationship between measures of body composition and ad-libitum food intake in 184 healthy individuals. FFMI was positively associated with mean daily caloric intake (CAL) and mean daily intake of protein (PRO), carbohydrates (CHO) and fat (FAT). In addition, we found significant positive associations of FMI with CAL, PRO and FAT. These positive associations seemed to be entirely explained by FFMI, as in models with both FFMI and FMI, FMI was negatively associated with CAL and CHO. In contrast, all positive associations of FFMI with CAL and intake of individual macronutrients remained highly significant after adjustment for FMI. Both FFMI and FMI were associated with increased energy intake based on fat (%FAT) and reduced energy intake based on carbohydrates (%CHO). FFMI adjusted for FMI was also positively associated with how much individuals overate relative to their weight maintenance energy needs (%WMEN), whereas FMI was negatively associated with %WMEN after adjusting for FFMI. We also found a significant effect of ethnicity on the interaction between FFMI and CAL and %WMEN. The directionality of the relationship, however, was the same in both native Americans and non-natives and was actually slightly weaker in the native Americans. In a subsample of 127 individuals with 24 h measurement of EE, we demonstrated that total EE and the unexplained variance of EE (that is, after adjusting for age, sex, ethnicity, FFM, FM) are positively associated with food and macronutrient intake and also with %WMEN. Associations of total EE with %CHO and %FAT were similar to the observations made with FFMI and FMI.
Similar to the recent studies, 12, 13 our results indicate that FFM predicts food intake in humans. We also found that BMI (and total body weight) is a positive predictor of ad-libitum food intake in humans even though these associations were entirely explained by FFMI. That BMI was positively associated with food intake in our study may be due to our larger sample size with larger variances in weight and BMI. When separating total body mass into FFM and FM it becomes evident that food intake largely depends on FFM independent of FM. It is well known that FFM and not FM is the major determinant of resting metabolic rate and EE. 10, 11 Thus, as proposed by Blundell et al., this positive relationship between food intake and FFM most likely reflects a physiological response to the increased energy needs in individuals with higher FFM in order to preserve body mass.
FM, when adjusted for FFM, was a negative determinant of food intake, and this would seem to be consistent with adipose tissue's primary biological function of storing energy. When sufficient energy is stored, the relative amount of adipose tissue might provide signals to decrease energy intake. However, at least in our analysis, it is clear that FFM is a more powerful driver of caloric intake.
Higher FFM was associated with increased intake of all macronutrients. It has been proposed by Millward et al. 18 that dietary protein intake is the key to maintaining a stable whole-body protein mass (protein-stat mechanism). We did not observe differences in strength between the associations of FFMI with protein, carbohydrate and fat intake (tested by Fisher z transformation of correlation coefficients; data not shown). Indeed, higher FFMI and to a greater degree FMI were associated with increased caloric intake due to relatively higher proportion of fat versus carbohydrate intake, indicating a preference of heavier subjects for high-fat foods compared with carbohydrate dense foods. This is consistent with a large study of 508 male and 1293 female obese subjects seeking weight loss treatment showing a positive relationship between baseline fat Figure 4 . Left column illustrates associations of total 24-h energy expenditure (24-h EE) with mean daily caloric intake (CAL) and overconsumption (%WMEN, percentage weight maintenance energy needs). Right column illustrates associations of 24 h EE adjusted for age, gender, ethnicity, fat-free mass and fat mass (that is, unexplained variance of 24 h EE) with CAL and %WMEN. Circles indicate female gender, diamonds indicate male gender. *P-values and correlation coefficients were calculated accounting for physical activity.
intake and BMI, although men seemed to prefer high-fat/ high-protein foods, whereas females tended to consume more high-fat/high-carbohydrate foods. 19 Similar findings had been reported in a study of weight-discordant monozygotic twins, demonstrating a higher fat preference for obese versus their lean siblings, indicating that the increased caloric intake, which may have lead to and is needed to maintain the increased weight, is primarily due to preference for high-fat foods. 20 The reason why FFMI (adjusted for FMI) and EE are associated not only with mean caloric intake but also with %WMEN, thus indicating a propensity to overeat is not clear. In a food scarce environment, the drive to overeat may represent a protective biological mechanism to prevent an individual from subsequent food scarcity. In today's obesogenic environment, where palatable and high-caloric foods are readily available at any time, this propensity might result in a chronic positive energy balance. FMI, when adjusted for FFMI, was negatively associated with food intake and with %WMEN. Adipose tissue could promote negative energy balance via several mechanisms. Leptin is released by adipocytes, with plasma concentrations rising proportionally to adipose tissue mass. 7 Leptin may act primarily in signaling starvation rather than mediating satiety. 21, 22 However, leptin administration has been shown to decrease food intake in animals 23 and humans. 24 However, it is not clear whether leptin could explain the negative association of FMI with food intake when accounting for FFMI. Apart from leptin other adipocytederived hormones have been discussed as potential modulators of energy balance. These include the adipokines adiponectin and resistin, estrogens and glucocorticoids. The individual functions of these hormones and their effect on food intake still remain to be established. 25 Nevertheless, this is a particularly interesting finding in this analysis that warrants further research suggesting that FFMI is not just sensing energy needs but somehow may also underpin the drive to overeat.
Although there is a general lack of knowledge on how increases in FFM and associated increases in total energy needs result in increased energy intake, there is no clear biological mechanism known that could explain the associations of FFM with food intake.
Skeletal muscle tissue accounts for B50% of a healthy individual's FFM and approximately 30-40% of total body weight. Emerging evidence indicates that skeletal muscle tissue has endocrine functions. Myokines (for example, mysostatin, interleukin-6, insulin-like growth factor 1) are secreted in response to physical activity and muscle contraction and might have important roles in the pathophysiology of diseases that are associated with sedentary behavior (for example, type 2 diabetes, cardiovascular diseases, cancer). 26 It is possible, therefore, that some of the cytokines released by muscle tissue may actually decrease food intake. However, exercise induced increases in Il-6 have been linked to reduced appetite, 27 thus not yet providing a plausible mechanism for the positive associations of FFM with food intake.
Human behavior, including food intake, is ultimately regulated by the central nervous system and also organs and tissues that comprise FFM need to be centrally controlled and represented. In order to survive, integration of behavioral actions (that is, food intake) with internal needs (that is, energy needs) is mandatory. Our group recently showed, in a sample of 76 largely obese subjects, that FFM but not FM is strongly negatively associated with gray matter volume of brain regions that are believed to be involved in the regulation of homeostatic and autonomic bodily functions including food intake. 28 This could potentially represent a central adaptive mechanism in response to increases in FFM and associated increases in total energy needs. Although some of the regions that were associated with FFM (even after adjustment for FM) were implicated in decision-making and inhibitory control, these changes itself might perpetuate unhealthy eating behaviors, thus possibly contributing to a chronic positive energy balance.
Several limitations must be acknowledged. Most of our subjects overate during the 3 days of ad-libitum food intake measurement, which in part could be attributed to the rather mundane environment of a research facility. However, although the mean intake on the vending machines is 155±45% of WMEN in this cohort, the range is actually 53.7-298.7% of WMEN. Metabolic parameters, particularly adipokines, hunger and satiety hormones (for example, leptin, ghrelin, PYY, PP, GLP-1, CKY) that might have explained some of the variance in food intake were not considered in this study. Nevertheless, in a subsample of our study population (n ¼ 69) plasma ghrelin concentrations were negatively associated with body mass and adiposity as recently published 17 and no independent associations with FFMI have been observed (data not shown). Total caloric intake and macronutrient content were calculated based on the information provided by the manufacturer of the individual foods and there is variation in the accuracy of food product labels. 29 For the longitudinal analysis of future fat gain, no information is available on these individual's eating habits and physical activity levels between the observation time points. Although FFM is also elevated in body builders and athletes, results of this study should be seen in the context of obesity and sedentary behavior. FFM and FM are different biological compartments but do co-vary strongly. Thus, a cautious interpretation of these results is required, particularly when adjustments were made for the respective other compartment. We report results from a large number of statistical tests, however, no adjustments for multiple comparisons have been made because of the strong interrelatedness of food intake variables and measures of body composition/EE, thus adding to the limitations of this study.
CONCLUSIONS
We show that in humans, FFM and 24-h EE are positively associated with ad-libitum food intake and intake of individual macronutrients. We furthermore show that 24-h EE and FFM (adjusted for FM) are positively associated with overeating. Overall, these findings indicate that FFM primarily promotes positive and FM (after adjustment for FFM) negative energy balance. In this scenario, FFM-related increases in EE must be compensated by increased caloric intake via peripheral or central mechanisms. As humans are prone to positive energy balance, in our food-rich environment, this sensing of increased energy requirements also leads to overconsumption.
